The combustion process of triethylaluminum is investigated by means of reactive molecular dynamics simulations using the ReaxFF force field. The behavior of the system in five different temperatures ranging from 2000-4000 K was evaluated. As a pyrophoric material, TEA reacts also with water, generating gaseous hydrogen, whose content increases with the system temperature. Rapid water formation and O 2 depletion were observed and, using Arrhenius equation, the preexponential factor and activation energy were found to be 9.67E+09 s -1 and 1.242 kJ mol -1
INTRODUCTION
The use of flares in military aircrafts became almost indispensable for protection against infrared (IR) missiles. 1 A missile approach warning system carried by the aircrafts detects a launched missile and then release IR flares as decoys. This flare gives the IR seeker a more attractive IR emitting source to track, instead of the original target. 2 Flares are composed mainly by pyrophoric reagents, i.e. substances that self-ignite in air at temperatures of 54.4 °C or less. 3 Oxidation of the pyrophoric reagents by oxygen or exothermic reactions with moisture in the air (resulting in the generation of a flammable gas such as hydrogen) is so rapid that ignition occurs spontaneously.
Pyrophorics are also used to shorten the ignition delay time and to increase the energy density of fuels. Pyrophoric organometallic compounds may also provide an ignition source and flame stabilizing mechanism within the combustor, thus permitting use of hydrocarbon fuels in supersonic combustion systems. Triethylaluminum (TEA) is one of the materials used for this application due to their high energy density and reactivity. 4 Combustion of these materials is usually difficult to analyze experimentally due to their high reactivity and safety measures required. A great effort is needed for elucidating the mechanisms and evaluating the rates and intermediate species. Consequently, kinetic modeling plays a critical role in uncovering the complex reaction mechanisms. Reactive Molecular Dynamics (RMD) simulations is one of the solutions for this problem, as it requires low computational cost and provides accurate prediction of the interactions among the species present in the simulation boundaries. ReaxFF 5 is a force field developed for simulation of chemical reactions, where bonds are broken and formed several times during the simulation. This method has been extensively used for combustion of energetic materials, 6, 7 thermal decomposition of polymers, fuel cells, catalysts [8] [9] [10] and so on. In the present work, RMD simulations were performed for the reaction between triethylaluminum and gaseous oxygen in a fuel rich condition, in five different temperatures from 2000 to 4000 K. A kinetic analysis of the global process is also developed with the simulation results.
SIMULATION DETAILS
The reactive molecular dynamics simulations were performed using the software LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) and the ReaxFF 5 force field. In this force field, the general energy function takes the following formulation: E system = E bon + E over + E under + E val + E pen + E tors + E conj + E vdWaal s + E Coulomb which:
• Ebond represents the bond energy;
• E over and E under denotes the over-and under-coordinated atom in the energy contribution, respectively; • E val , E pen , E tors sare the valence angle term, penalty energy and torsion energy, respectively; • E conj , E vdWaals , E Coulomb represent the conjugation effects to molecular energy, nonbonded van der Waals interaction and Coulomb interaction, respectively. ReaxFF has a fundamental assumption where the bond order and bond energy between a pair of atoms is obtained from the interatomic distance, according to the equation below. In this equation is possible to observe the contribution of the sigma bond (p bo,1 and p bo,2 ), the first pi bond (p bo,3 and p bo,4 ) and the second pi bond (p bo,5 and p bo,6 ).
The bond orders BO′ ij are then corrected for overcoordination and for residual 1-3 bond orders in valence angles. A corrected bond order (BO ij ) is used to calculate the bond energies:
Besides these terms, ReaxFF also takes into account over and undercoordination, valence angle terms (energy contribution from valence angle terms should go to zero when BO is zero), torsion angles (for both BO→0 and BO>1), conjugation effects to the molecular energy, nonbonded van der Waals interactions (repulsive interactions at short interatomic distances due to Pauli principle orthogonalization and attraction energies at long distances due to dispersion, for all atom pais), Coulomb interactions (for all atoms, adjusted for orbital overlap between atoms at close distances with a shielded Coulomb potential).
The force fields used in ReaxFF were optimized using a successive one-parameter search technique, where data obtained from quantum chemical calculations (DFT) were used. Heats of formation to within 4.0 kcal/mol were reproduced using this technique.
At every MD step, this force field updates the bond orders and provides a pathway for bonds to form and break during the course of the simulation. 8 ReaxFF can reproduce with acuity all relevant quantum mechanical data, as well as provide atomistic descriptions of several complex chemical reactions. 11 In this work, RMD simulations results are also employed for the calculation of the Arrhenius parameters for the global reaction.
The combustion simulation was done using the condensed phase structure of triethylaluminum in a fuel rich condition (less than stoichiometric quantity of oxygen molecules), in five different temperatures (2000 K, 2500 K, 3000 K, 3500 K and 4000 K). Three dimers of trietylaluminum were inserted in a unit cell measuring 12.4 x 14.4 x 6.9 Å, generating a condensed phase structure with approximate density of 0.92 g cm -3 (experimental density: 0.832 g cm -3 ). This structure was put in contact with 30 molecules of gaseous oxygen inside a box of 20 x 20 x 20 Å, where the collisions/ reactions can occur. The pressure at the beginning of the simulation was calculated using the ideal gas equation of state for the chosen temperatures and can be seen in Figure 1 . The high pressure and temperatures used in the simulations facilitates the collisions among molecules, thus decreasing the necessary time and computational costs of the calculations.
The system was minimized using low temperature (5K) molecular dynamics with constant number of atoms (N), constant volume (V) and control of the potential energy (E), denoted as NVE. After minimization, for the production phase, the NVT ensemble was used. As reactive molecular dynamics involve usually fast reactions, a timestep of 0.1 femtoseconds (fs) was used. The total simulation time was 100 ps for each of the selected temperatures. The temperatures were controlled by the Berendsen thermostat, with temperature damping constant of 100 fs.
For the kinetic analysis of the TEA combustion, apparent firstorder kinetics was used to describe the global reaction. The oxygen content was considered for calculating the rate constant (k), according to the linear fitting of the number of oxygen molecules (N) against the simulation time (t):
The fitting parameters obtained from this relation enables the calculation of the activation energy and the frequency factor through the Arrhenius equation.
RESULTS AND DISCUSSION
In early steps, an initial fragmentation of TEA is achieved, i.e. after approximately 2-5 ps, there is abstraction of hydrogen atoms by the oxygen molecules, generating HO 2 , and even the formation of H 2 and water molecules. As the system is kept under high pressure and temperatures, the collisions are more effective and cause breakages of external bonds. During the simulation, fragments of C 2 H 4 , C 2 H 6 and C 2 H 2 are produced. These fragments appear due to the Al-C bond break, possibly due to strong collisions of the gas particles or even the other fragments present in the system. The evolution of the species generated from the combustion of the TEA molecules are shown in Figure 2 . The increasing temperature has a positive effect on the reaction velocity, as the water content increases with the temperature. The shape of the curves, i.e. the behavior of the system is different in each scenario, as the temperature levels can enable different elementary processes. In higher temperatures, the slope of the water formation curves increases significantly, which can be translated in the previously mentioned velocity increase.
In the total time considered for the simulations, the carbon dioxide content was still low compared to water. Carbon monoxide, however, was generated in larger scale as the temperature was higher. The fuel rich condition was selected due to the application of TEA as pyrophoric flare, and in high altitudes, the oxygen availability decreases, and the combustion process becomes incomplete. Therefore, it is expected to have a higher content of carbon monoxide in the system. The total combustion process should than take much longer time (>100 ps) to occur, in the simulated conditions.
One of the most important parameters for evaluating the evolution and efficiency of a combustion process regards the complete products formation (carbon dioxide and water). As previously stated, the combustion was simulated under a fuel rich condition. Therefore, is expected to have a larger number of water molecules, as the availability and stereo factor of the hydrogen atoms in TEA is much larger than the carbon ones. Also, for being able to produce CO 2 , the Al-C bonds must be broken, producing C 2 H x fragments. These fragments suffer oxidation, producing water, carbon monoxide and carbon dioxide, which is possible if there are enough oxidizer species.
TEA is a known pyrophoric material, i.e. reacts (burns) instantly in the presence of oxygen. As observed in the simulations, all TEA species starts to fragment after 4-5 ps; the first observed reaction in the abstraction of hydrogen by the O 2 and also the production of C x H y species, from the decomposition of the ethyl ramifications. These bonds are mostly broken due to the collisions of the gaseous species present in the mixture.
It is interesting to observe the evolution of the fragments (in terms of different chemical species) in the system, according to the temperature ( Figure 3 ). As expected, higher temperatures lead to increasing fragment production, especially in the first decomposition steps. However, as the reaction proceeds, the quantity of fragments varies significantly and differently in each temperature, due to the complex kinetic mechanism and activation energies of each step. At the end of the simulation, the system kept at 2000K was the one with the largest number of fragments. Most of these fragments are intermediate species, which shall be consumed to generate the final combustion products posteriorly. At 4000K, several intermediates have been consumed, and more final product species are present, reducing the final number of different chemical species in the cell. Figure 4 presents the variation of the number of water molecules, showing the same behavior, i.e. the initial production rate of the species is larger at higher temperatures and after 20-30 ps varies according to the combustion mechanism (different elementary reactions activated/possible in each temperature).
The very presence of moisture around pyrophoric reactants has an effect of flammable gas generation (usually H 2 ). As TEA is a known pyrophoric agent, the production of gaseous hydrogen would be expected, as there is fast water formation during the combustion. Figure 5 shows the variation of H2 content in the simulations.
Especially in higher temperatures, the number of H 2 molecules produced is increased. As a highly flammable gas, the hydrogen produced in TEA combustion increases the overall heating rate and accelerates the burning of the material, due to its high reactivity and reaction velocity.
A proposed pathway is observed in Scheme 1 below. This mechanism is proposed based on the species formation and decomposition, observed in the simulations. As there is currently no mechanism in the literature for the TEA combustion, the reactions presented may be useful for a preliminary analysis and as an initial development for a detailed kinetic mechanism. Similar to H 2 O, the oxygen content analysis can provide information on the progress of the combustion process. In this case (Figure 6a ) a kinetic analysis was possible when considering the overall combustion of TEA a first-order reaction, so the number of O 2 molecules at each time t was compared to the initial number (N 0 ) inside the box. Doing so, each temperature provided a different value of the rate constant (k), which can be plotted against the inverse temperature (Figure 6b ). The slope of the obtained line is used for calculating the global activation energy (EA), and the y-interception leads to the value of the frequency factor (A). This behavior follows Arrhenius equation: or, in its linear form:
As expected from the Arrhenius equation (ln k∝1⁄T), the rate constant decreases linearly as the temperature increases, with a A very low activation energy was obtained, which is highly expected for a pyrophoric material. This indicates that the reaction between TEA and O 2 is spontaneous. For comparison purposes, the experimental flashpoint of TEA is -52.78 °C. Figure 7 shows the time evolution of the potential energies during the NVE-MD simulations. The potential energies decrease as the reactions occurred during MD simulations. Especially at high temperatures, the potential energies decrease very quickly. However, as the molecular simulation moves on, the potential energies show no obvious changes. The number of oxygen molecules consumed in the oxidation processes of TEA molecules increase rapidly as the temperature goes beyond 2000 K. The potential energies show nearly the same tendency as the number of oxygen molecules, which suggested that the oxidation reactions are exothermic, and this lead to the decrease of the total potential energies. 
CONCLUSION
The reactive force field, ReaxFF, is applied to investigate the combustion of TEA. The initiation mechanism of the combustion involves mainly the abstraction of hydrogen atoms from the ethyl groups and then the rupture of Al-C bonds, leading to the formation of small hydrocarbon species and CO 2 in the end. Apparent firstorder kinetics is used to describe the combustion of TEA, and the prediction of the activation energy and frequency factor are in accordance to the pyrophoric characteristic of the material. The results obtained indicate that ReaxFF can be used to predict the behavior of fast combustion processes and also assist the construction and optimization of molecular based kinetic reaction mechanisms used for chemical kinetic modeling.
